Efficient polarization of organic molecules is of extraordinary relevance when performing nuclear magnetic resonance (NMR) and imaging. Commercially available routes to dynamical nuclear polarization (DNP) work at extremely low-temperatures, thus bringing the molecules out of their ambient thermal conditions and relying on the solidification of organic samples. In this work we investigate polarization transfer from optically-pumped nitrogen vacancy centers in diamond to external molecules at room temperature. This polarization transfer is described by both an extensive analytical analysis and numerical simulations based on spin bath bosonization and is supported by experimental data in excellent agreement. These results set the route to hyperpolarization of diffusive molecules in different scenarios and consequently, due to increased signal, to high-resolution NMR.
Introduction.-Nuclear magnetic resonance (NMR) is a fundamental tool in the biomedical sciences [1, 2] . As the sensitivity of NMR is proportional to the sample polarization, hyperpolarized samples, where the population difference between nuclear spins exceeds significantly its thermal value, are desirable for achieving a higher NMR signal. One of the promising methods achieving such a hyperpolarization is dynamic nuclear polarization (DNP) in which a polarized electron spin transfers its polarization to a nuclear bath via dipolar coupling. While currently commercially available techniques require cryogenic temperatures to polarize the electron spins, we take a different route based on optical polarization of nitrogen vacancy (NV) centers in diamonds at room-temperature.
NV centers are negatively charged paramagnetic defects in diamond with unpaired electronic spin triplet in their ground state [3] . These color centers can be significantly polarized (exceeding 92%) by optical pumping without the need for low temperatures nor high magnetic fields [4] . This polarization process can be achieved in less than a microsecond while the NV center relaxation time can be in the order of milliseconds. Furthermore, the highly polarized NV center electron spins can be brought into resonance with adjacent nuclear spins, making them great candidates for DNP.
Special interest over the last years has been paid to hyperpolarization of molecules in solution [5] [6] [7] [8] [9] . Due to the molecular motion and short correlation times in fluids, the anisotropic interaction between the electron and the target spins averages out. Consequently, cross-relaxation mechanisms are commonly used in polarization of liquids at ambient conditions since common methods developed for DNP of stationary spins such as the solid effect [10, 11] are less efficient.
In this work, we demonstrate that polarization loss from a single shallow implanted NV center can be understood as the result of polarization transfer to 1 H nuclei in surrounding oil molecules. As the NV center is several nanometers away from the diffusing molecules and oil exhibits high viscosity at room-temperature, the nuclei diffuse in and out of the NV center interaction region in a time scale comparable with the interaction strength. This results in an increase of the polarization rate enabling resonant transfer [6] . We use the Hartmann-Hahn double resonance (HHDR) scheme [12] , where the electron spin is driven with a Rabi frequency that matches the Larmor frequency of diffusive nuclei. Consequently, the interaction between the NV center and the 1 H nuclei is strengthened, while the effects of noise sources on the NV center are weakened. Thus, HHDR scheme serves as a continuous dynamical decoupling (CDD) protocol [13] [14] [15] [16] [17] [18] [19] [20] [21] allowing us to polarize the specified nuclear species efficiently. In fact, our method is limited by the relaxation time in the rotating frame, T 1ρ , (finding its origin in T 2 processes in the non-rotating frame), in contrast to recently proposed microwave-free protocols that are limited by the much shorter dephasing time T * 2 [22] . This Letter is organized as follows: First the Hamiltonian describing the interaction between one electronic (NV) spin and a bath of N diffusive nuclear spins is presented. We then derive an analytical solution for the polarization loss of the NV center. In order to compare the theoretical prediction to a robust numerical simulation and due to the fact that large spin baths can not be fully simulated, we use the Holstein-Primakoff approximation (HPA) [23] , which considers spins as bosons, allowing us to perform an efficient numerical implementation. Finally, we validate our theoretical findings, carried out with no free parameters, by performing experiments with two different shallow NV centers coupled to oil molecules. Theory and experiment show an excellent agreement and therefore, support that polarization loss of the NV center is best explained by polarization transfer to oil at room-temperature. Spin-Locking sequence applied to measure the NV center polarization loss. The NV center is initially polarized and readout using green-laser. During the microwave driving time, t, the NV center interacts with the nuclear spins. (c) Energy levels of the NV center. In the absence of magnetic field the NV center is a spin−1 system with projections ms = 0, ±1. Degeneracy between ms = ±1 levels is lifted by applying an external magnetic filed, B, parallel to the NV center axis. The transition between ms = 0 and ms = −1 is driven with a microwave field inducing a Rabi frequency Ω which matches the nuclear Larmor frequency ωN = γN B permitting polarization transfer.
System.-We use a shallow NV center in bulk diamond located at a distance z 0 underneath the diamond surface. Immersion oil containing the 1 H nuclei is deposited onto the surface. The set-up is depicted in Fig(1) . At room temperature the oil molecules diffuse with diffusion coefficient D oil , which results in a finite correlation time, τ c , for the electron-nuclear spin interaction [24] [25] [26] .
In solid samples at HHDR, flip-flop transitions (polarization transfer) between electron and nuclear spins predominate over flip-flip processes (depolarization), which are energetically forbidden, thus generating a net polarization transfer at weak coupling. For liquid samples, however, the transfer efficiency is highly determined by a parameter χ ≡ ω N τ c [6, 24] , with ω N the Larmor frequency of the nuclei in diffusion. For χ 1, as is typical for strongly diffusing molecules, such as water, effective interaction time is shorter than ω −1 N , in this regime the imbalance between flip-flip and flip-flop transitions is suppressed, even on resonance, so no net polarization is achieved. However, as the NV center is several nm apart from the diffusing molecules, and oil possesses a high viscosity at room-temperature (D oil ≈ 0.5 nm 2 µs −1 ), the resulting correlation time is large, making χ 1, for shallow NV centers (z 0 ≈ 3 − 5 nm). Therefore, once the HHDR condition is achieved, flip-flip transitions are suppressed by fast rotations so that in the presence of flip-flop transitions an efficient polarization transfer from the electronic spin to the 1 H nuclei is expected. Spin model.-We consider a single NV center, electronic spin−1, interacting with N diffusive nuclear spins−1/2. In the secular approximation [27] , this interaction is described by . The NV center is driven with a microwave field with Rabi frequency Ω resonant with the m s = 0 → m s = −1 transition, creating an effective two-level system. In the presence of an external magnetic field B, the nuclear Larmor frequency is ω N = γ N |B|, with γ N the nuclear gyromagnetic ratio. The magnetic field generated by the driven NV center perturbs the external field acting on the nuclear spins, hence ω N fluctuates due to this effect. Polarization transfer occurs at HHDR condition, Ω = ω N . In the dressed-state basis, |± =
(|0 ± |−1 ) for the NV center and assuming τ c ω N 1 in our setup, we can assume the rotating wave approximation to find the effective Hamiltonian ( = 1) Indeed, over time intervals larger than τ c , the system state may be expressed as
1 2 I the thermal state of the nuclei, ρ the system density matrix averaged over all stochastic trajectories of g i (t), and ρ N V the NV center density matrix. Within this description, correlations among spins are neglected, which allows us to obtain for the average NV center population, n = 1 2 + Tr (S z ρ N V ), the dynamical equatioṅ
where we define γ(t) = t 0
, and n B is the average nuclear population, which is n B = 1/2 for thermal bath. Eq.(2) reflects a net incoherent polarization transfer towards the nuclear reservoir. 
The description of
For t τ c , n shows a Gaussian decay with a polarization rate
On the other hand, for t τ c we find n exhibits an exponential behavior with rate [28] . We perform simulations based on Gaussian states to compute the dynamical evolution of a system ruled by Eq.(1). Specifically we make use of Holstein-Primakoff approximation (HPA) [23] representing a polarized spin as a boson in its ground state. In the lowest order of the approximation, the spin operators are substituted by bosonic operators, S − → a. This approximation holds for highly-polarized spins while for spins in its thermal state it offers a lower bound to the polarization dynamics [28] . The bosonic Hamiltonian is then obtained from Eq. (1) as
which is quadratic in the operators {a, a † , b i , b † i }, allowing an efficient numerical simulation describing the dynamical evolution via the covariance matrix [24, 29, 30] .
The full numerical simulation is performed considering N independently moving nuclei in a finite box with periodic boundary conditions. The box represents the detection volume of the NV center and its length is proportional to the NV center depth [25, 31] . When a nucleus crosses the box walls, it is substituted by a nucleus from the reservoir, thus losing its correlation with the NV center and the rest of spins. Each particle describes a 3−dimensional Brownian motion [32] . Due to the molecular motion, internuclear coupling among nuclei is averaged out. Therefore, specific molecular structure is not relevant in the main dynamics. Rotations and vibrations of the molecule are not considered in the simulations.
Results showing the agreement between the solution of Eq.(2) and a full numerical simulation are depicted in Fig.(2) . We remark that when using HPA, correlations among spins build up during the time the nuclei are diffusing inside the box. As a consequence, the presence of slowly moving nuclei in the diamond vicinity may cause coherent polarization transfer, see Fig.(3) . This feature is not captured in our theoretical description, Eq.(2).
The polarization rate depends solely on N , σ 2 and τ c that are extensive parameters which in turn depend on intensive quantities, namely, ρ oil , the proton density in oil, D oil and z 0 . Once {ρ oil , D oil , z 0 } are fixed, the polarization curve is obtained directly by a numerical simulation, while the extensive parameters may be calculated via a numerical integration [24] and then used as input for Eq. (3). Therefore, our model is without free fitting parameters. Experimental Implementation.-For an experimental verification of our model, the polarization loss from two different NV centers was measured. It is observed via the NV's fluorescence after a spin-locking sequence matching the HHDR with the hydrogen nuclear spins. First, a single NV is optically polarized using a 532 nm laser. Followed by a MW π/2 pulse, that rotates the NV's electron spin phase-dependent to the |+ or |− state in an alternating manner. Then, a suitable microwave field is applied in order to fulfill the HHDR condition. During this period the NV transfers its high polarization to the environment. A final π/2 pulse projects the NV center's spin state back to the z-axis, where it can be read out optically. Depending on the occurrence of a spin flip a bright or dark fluorescence signal is observed. The measuring protocol is afterwards repeated for the second NV center.
The 12 C enriched diamond sample was grown by chemical vapour deposition with low concentration of impurities ( 12 C > 99.999% ; nitrogen isotopes ≈ 5 ppb ). Nitrogen ions were implanted with a low energy and dose (2.5 keV and 10 8 ions/cm 2 ) such that experiments can be performed with shallow NV centers ( here: z 1 0 = 3.2 ± 0.2 nm and z 2 0 = 5.3 ± 0.1 nm [33] ), ensuring strong coupling with near-surface nuclei. Immersion oil (Fluka Analytical 10976) is deposited on top of the diamond. A magnetic field of 660 G is applied parallel to the NV center quantization axis, resulting in a 1 H Larmor frequency ω N /(2π) = 2.8 MHz, where the effective field generated by the NV center can be neglected. The induced Rabi frequency during the spin locking pulse is adjusted to be resonant with ω N , to allow electron spin -nuclear spin flip-flop processes. The experiments were performed on a home-build confocal microscope controlled with the Qudi software suite [34] . Fig.(3) shows the comparison between the measured polarization loss, n , the full numerical simulation based on Gaussian states and the theoretical prediction from Eq.(3). In both cases, we observe polarization loss in a time scale of the order of µs. Off-resonant measurements reveal that environmental magnetic noise affecting the NV center manifests in similar time scales. These effects are included in our predictions by adding a relaxation term to the master equation proportional to T 1ρ [24, 35] .
Discussion.-The experimental data is well reproduced given the known D oil , NV depth, the proton density in oil at room-temperature ρ oil = 50 protons/nm 3 , which is a typical value used for organic samples [31, 36] and the measured relaxation times, (T Since molecular motion effectively broadens the nuclear lines, our scheme has the advantage of relatively high robustness to frequency detuning (e.g. from fluctuations in the magnetic field) and Rabi frequency errors. Also, we have exclusively considered particles in freediffusion, which is an accurate description for molecules in bulk but may not describe molecular motion at the oildiamond interphase correctly. Nonetheless, short-time dynamics, most relevant for hyperpolarization protocols, are well described solely by diffusive particles, and nearsurface traces will be seen only at longer times.
The good agreement between our model and the exper-imental data supports the hypothesis that the NV polarization loss mainly occurs due to polarization transfer to the 1 H nuclei and T 1ρ relaxation. Therefore, the amount of transfered polarization is just a fraction of the total, α = 1/τp 1/τp+1/T1ρ , where τ
is the polarization rate. In our set-up we obtain α ∼ 80% for both NV centers, indicating that transfer is efficient. Still, the average polarization gain per nuclei around the NV is 1 2 1 N α, which is very small for large N . Thus, significant nuclear polarization will only be achieved when the proposed protocol is repeated many times. That is, the NV center must be periodically reinitialized after a time τ p .
Assuming a diamond sample with high density of NV centers, a thin layer of oil of few microns deposited onto its surface and typical nuclear relaxation time T 1n ≈ 1 s [37, 38] , the maximum achievable polarization per nuclei may be estimated as P n ≈ 10 −3 [24] , which exceeds by several orders of magnitude the thermal nuclear polarization at this temperature and field P T h n ≈ 10 −7 . Besides, writing the dependence of the polarization rate explicitly as a function of the diffusion coefficient, proton density and NV depth, one obtains that
[24]. Thus, making it easy to estimate the polarization rate for different solvents or NV samples.
Conclusion.-In summary, we present a theoretical description of efficient polarization transfer from a shallow NV center to diffusive organic molecules above the diamond surface validated by experiments with an excellent agreement. The experimental results are explained qualitatively and quantitatively by both theoretical work and numerical simulations. We remark, our approach is easily extended to other scenarios such as polarization of macromolecules in low diffusive environments or polarization schemes using nanodiamonds. In fact, our model does not depend on any free parameters and thus the polarization rate depends solely on the NV depth and the diffusion properties of the solvent. Also, the dynamical behavior at the liquid-solid interface may be examined with our description. Due to the fast diffusion of the nuclei, the direct detection of polarization remains a challenge that needs to be addressed in future work. This work was supported by an Alexander von Humboldt Professorship, the ERC Synergy grant BioQ and the EU projects HYPERDIAMOND and DIADEMS.
